Introduction {#S0001}
============

Owing to the straightforward synthesis, easy surface modification and unique physical, chemical and photonic properties, gold nanoparticles (AuNPs) have shown great promise in biosensors,[@CIT0001]--[@CIT0003] cellular and animal imaging,[@CIT0004] photo-thermal therapy,[@CIT0005]--[@CIT0007] and targeted delivery of drugs, genes and diagnostic agents.[@CIT0008] In consideration of their increasing biomedical applications, it is imperative to thoroughly understand the interaction between AuNPs with biological systems, potential mechanisms and safety concerns. Gold materials are generally considered to be bio-inert, nontoxic and biocompatible. However, AuNPs may have much higher bioactivity due to their high surface area to volume ratio.[@CIT0009] In recent years, the toxicity of AuNPs has been reported, which depends largely on their physicochemical properties such as shape, size and surface chemistry.[@CIT0010],[@CIT0011]

Particle size is one of the most important factors in determining the interactions of AuNPs with biological systems, ultimately influencing their uptake and toxicity.[@CIT0010],[@CIT0012],[@CIT0013] AuNPs with a small particle size can pass through cells or subcellular organelles such as nucleus, which may facilitate the delivery of therapeutic molecules into cells.[@CIT0014] For example, Elbakry et al reported the size-dependent delivery of DNA into cells by layer-by-layer-coated AuNPs (20 nm, 30 nm, 50 nm and 80 nm).[@CIT0015] They found that AuNPs with the smallest particle size (20 nm) yielded the highest number of nanoparticles and therapeutic DNA molecules per cell. On the other hand, the increased cellular uptake of small-sized AuNPs may increase toxicity simultaneously. Pan et al demonstrated that 1.4-nm AuNPs capped with triphenylphosphine monosulfonate, Au1.4MS, was highly toxic in four different cell lines, with the IC~50~ values ranging from 30 µM to 56 µM. In contrast, 15-nm AuNPs (Au15MS) with similar chemical composition were nontoxic at up to 60-fold higher concentrations.[@CIT0016] Similar size-dependent cytotoxicity of AuNPs was also observed by Liu and his colleagues.[@CIT0017] They demonstrated that 5-nm AuNPs inhibited proliferation, promoted apoptosis and induced cell cycle arrest in lung cancer cell lines, whereas no obvious cytotoxicity was observed in larger AuNPs (20 nm and 40 nm). However, there are other reports showing different size-dependent effects of AuNPs. For example, Devika et al.[@CIT0018] investigated the size-dependent uptake of spherical AuNPs (14 mm, 30 mm, 50 mm, 74 mm and 100 nm) in mammalian Hela cells using transmission electron microscopy (TEM) and inductively coupled plasma atomic emission spectroscopy. They found that the maximum cellular uptake occurred at a particle size of 50 nm instead of the smallest size (14 nm). Except for cell uptake, Jiang et al.[@CIT0019] also showed that 40-nm and 50-nm AuNPs had the greatest effect on cell functions (including cell death) in the range of 2--100 nm. Recent 28-day in vivo toxicity studies of PEGylated AuNPs have shown that the toxicity of the 10-nm and 60-nm particles is significantly higher than that of the 5-nm and 30-nm particles, suggesting that smaller particle size is not necessarily associated with greater toxicity.

Current biodistribution data indicate that most of the AuNPs are rapidly removed from the bloodstream by the reticuloendothelial system after intravenous injection, mainly concentrated in the liver and spleen. The physicochemical characteristics such as particle size may influence the bio-kinetics and distribution pattern of AuNPs. For example, Hirn et al[@CIT0020] investigated the biodistribution of ^198^Au-radio-labeled monodisperse AuNPs of five different sizes (1.4 nm, 5 nm, 18 nm, 80 nm and 200 nm) by gamma-spectrometry. They demonstrated that most of AuNPs were distributed in the liver and the amount increased with the size of AuNPs. Only a few percent of 5-nm, 18-nm, 80-nm and 200-nm AuNPs distributed in other organs or tissues. In contrast, almost 50% of the 1.4-nm AuNPs escaped being trapped in the liver and thus accumulated in the other organs and tissues. Another study performed by Zhang et al[@CIT0013] showed different size-dependent biodistribution patterns of AuNPs. The results demonstrated that at 28 days after intravenous injection of PEG-coated AuNPs (5 nm, 10 nm, 30 nm, and 60 nm), 5-nm and 10-nm particles were mainly accumulated in the liver and 30-nm particles were mainly accumulated in the spleen, while the 60-nm particles were not significantly accumulated in either organ.

Overall, data on the size-dependent effects of AuNPs are so far inconclusive, which might be due to the variations in other confounding factors, such as shape, surface coating and agglomeration of AuNPs, as well as the cell types, route and duration of exposure, and experimental conditions. The aim of this study was to investigate the uptake, cytotoxicity, biodistribution and in vivo toxicity of commercially available and well-characterized AuNPs (5 nm, 20 nm and 50 nm) with a specific focus on the size-dependent effects, and to explore their potential mechanisms of toxicity in cancer cells and normal cells.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Five-nanometer AuNPs (752568, Lot\# MKBQ0180V), 20-nm AuNPs (753610, Lot\# MKBR0719V) and 50-nm AuNPs (753645, Lot\# MKBR0264V) were purchased from Sigma-Aldrich (St. Louis, MO, USA). IL-6 and IL-1α human ELISA kit was purchased from Thermo Fisher Scientific (Waltham, MA, USA). FITC Annexin V Apoptosis Detection Kit was purchased from Keygen Biotech (Nanjing, China). Anti-Pro-caspase 3 antibody (CST \#9662) was purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-TLR2 antibody (ab108998) was purchased from Abcam (Cambridge, MA, USA). MTT reagent was purchased from Amresco (Solon, OH, USA). 2′, 7′-Dichlorofluorescin diacetate (DCF-DA) and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Characterization of AuNPs {#S0002-S2002}
-------------------------

The morphology and particle size of AuNPs were observed on a Tecnai G2 F20 TEM operating at an acceleration voltage of 80 kV. One drop of AuNPs colloidal solution was deposited on a TEM grid, dried and evacuated before TEM observation. UV--vis absorption spectra (wavelength range of 400--800 nm) of AuNPs colloidal suspensions in 0.1 mM PBS or DMEM cell culture medium with 10% FBS was measured using a NanoDrop 2000 spectrometer (Thermo Scientific). The zeta potential of AuNPs in double distilled (DD) water and the stability in zeta potential of AuNPs in DMEM with 10% FBS were measured by NanoBrook Omni (Brookhaven), respectively.

Cell culture {#S0002-S2003}
------------

HepG2 cells and L02 cells were obtained from the Shanghai Cell Line Bank (Shanghai, China) and cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin G and 100 mg/mL streptomycin at 37°C using a humidiﬁed 5% CO~2~ incubator.

Cytotoxicity assay {#S0002-S2004}
------------------

HepG2 cells and L02 cells were exposed to PBS control and increased concentrations of different sized AuNPs (0--12.5 µg/mL), respectively. After 72-hr incubation, the cell viability was evaluated by MTT assay.

Hemolysis test {#S0002-S2005}
--------------

The suspension of erythrocytes in PBS (2%) was prepared using freshly harvested mouse blood. Then, 200 µL aliquot of the erythrocytes suspension was mixed with different sized AuNPs at the concentrations of 100 µM. PBS and distilled water were used as negative control and positive control, respectively. After 4-hr or 24-hr incubation at 37°C, the mixtures were centrifuged, and 100 µL of the supernatant of all samples was collected. Free hemoglobin in the supernatant was measured by the absorbance at 540 nm using a microplate reader (SpectraMax M2, Molecular Devices). The percent hemolysis of RBCs was calculated using the following formula: RBCs hemolysis = (OD~sample~ -- OD~negative\ control~)/(OD~positive\ control~ -- OD~negative\ control~) ×100%.

Cellular uptake {#S0002-S2006}
---------------

HepG2 cells and L02 cells were exposed to PBS control and different sized AuNPs at the concentration of 12.5 µg/mL, respectively. After 24-hr exposure, cells were collected and dissolved overnight with 3% HNO3, and rhodium was added as internal standard. Gold elements in the samples were detected by inductively coupled plasma mass spectrometry (ICP-MS). Meanwhile, A series of gold standard solutions (20 ppb, 10 ppb, 5 ppb, 2 ppb, 1 ppb, 0.5 ppb, 0.2 ppb and 0 ppb) were prepared and measured by ICP-MS to calculate calibration curves, which were used to determine the amount of gold taken up by cells in each sample.

ROS {#S0002-S2007}
---

ROS were determined using DCFH-DA according to the kit protocol. HepG2 cells and L02 cells were incubated with different sized AuNPs at the concentration of 12.50 µg/mL for 4 hrs. ROS production was qualitatively observed by confocal fluorescence microscopy (Olympus IX83).

Apoptosis analysis {#S0002-S2008}
------------------

HepG2 cells and L02 cells were treated with different sized AuNPs at the concentration of 1.67 µg/mL, 5.00 µg/mL and 12.5 µg/mL, respectively. After 72-hr treatment, cells were washed with PBS and stained with propidium iodide (PI) and Annexin V for 30 mins. Apoptosis was analyzed by flow cytometry (BD FACSCalibur).

Western blot analysis {#S0002-S2009}
---------------------

HepG2 and L02 cells were exposed to PBS control and different sized AuNPs (5 nm, 20 nm and 50 nm) at the concentrations of 1.67 µg/mL, 5.00 µg/mL and 12.5 µg/mL, respectively. After 72-hr exposure, the cells were lysed with RIPA buffer, and the cell lysates were subjected to SDS-PAGE and transferred to PVDF membrane (Millipore, Billerica, MA, USA). The membrane was incubated with primary antibodies (anti-procaspase 3, TLR2 and β-actin) overnight at 4°C, washed with TBST buffer and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1.5 hrs at room temperature. Chemiluminescent HRP substrate was added to visualize the protein bands. Densitometric values were analyzed with the Gel-Pro analyzer and normalized using β-actin as internal control.

IL-6 and IL-1α in the culture supernatants {#S0002-S2010}
------------------------------------------

HepG2 and L02 cells were exposed to PBS control and 12.5 µg/mL of different sized AuNPs (5 nm, 20 nm and 50 nm), respectively. After 24-hr exposure, the culture supernatant was extracted, and the levels of IL-6 and IL-1α in the culture supernatant were measured by human IL-6 and IL-1α ELISA kit, respectively.

Blood clearance and tissue biodistribution of different sized AuNPs {#S0002-S2011}
-------------------------------------------------------------------

BALB/c mice, 6--8 weeks old, were purchased from the breeding center of Guangdong Medical Laboratory Animal, China. All animals were bred under specific pathogen-free conditions according to AAALAC guidelines and were allowed to acclimatize for at least 4 days prior to experiments. All animal experiments were performed in compliance with the institutional guidelines and approved by the Animal Use and Care Administrative Advisory Committee of West China Hospital, Sichuan University (Approval No. 2017036A), and all the animals were treated humanely and with regard for alleviation of suffering. BALB/c mice (n=4) were intravenously injected with different sized AuNPs (5 nm, 20 nm and 50 nm) at the dose of 0.5 mg/kg, respectively. At predetermined intervals (0.3 hr, 1 hr, 3 hrs, 6 hrs and 24 hrs), blood samples (10 μL) were taken from the orbital vein. At 24 hrs postinjection, main organs including heart, liver, spleen, kidney, lung and brain were harvested, weighed and homogenized. The gold content in the collected blood and organs was determined by ICP-MS as previously described.[@CIT0021]

In vivo toxicity of different sized AuNPs {#S0002-S2012}
-----------------------------------------

BALB/c mice were randomly assigned into four groups (n=4), and they were injected intravenously with different sized AuNPs (5 nm, 20 nm and 50 nm) at the dose of 0.5 mg/kg once per day for 5 consecutive days, with the cumulative dose of 2.5 mg/kg. The animal behavior and body weight were monitored every day for 2 weeks. Blood samples were collected on day 7 after the first dosage for blood cell counts and serum chemistry (hepatic and renal function panels) analysis. At 14 days postinjection, the animals were sacrificed, and major organs were excised for gross observation. Liver and spleen were fixed with 10% formalin, embedded in paraffin blocks, sliced into 5 µm in thickness and then stained with HE before the histopathological examination.

Statistical analysis {#S0002-S2013}
--------------------

Statistical analysis was performed using the GraphPad6.02 software (San Diego, CA, USA). Data were analyzed by one-way ANOVA for multiple comparisons, followed by Dunnett's test. A value of *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

Characterization of AuNPs {#S0003-S2001}
-------------------------

[Table 1](#T0001){ref-type="table"} summarizes the physicochemical characteristics of AuNPs provided by the manufacturer. The core sizes of 5-nm-, 20-nm and 50-nm AuNPs were 3--7 nm, 18--22 nm and 47--53 nm, respectively. The hydrodynamic diameters of 5-nm, 20-nm and 50-nm AuNPs were 7--20 nm, 21--32 nm and 51--63 nm, respectively. The polydispersity indices of all three sized AuNPs were lower than 0.2. The particle numbers of 5-nm, 20-nm and 50-nm AuNPs in 1 mL colloidal solution were 5.47×10^13^,[@CIT0013]6.54×1011,[@CIT0011] 1.72×10[@CIT0010]. The morphology and size distribution of these AuNPs were characterized by TEM. As shown in [Figure 1A](#F0001){ref-type="fig"}, all three AuNPs (5 nm, 20 nm and 50 nm) were spherical and homogeneous, and their particle sizes were almost consistent with their theoretical values. The absorbance of AuNPs colloidal solution in PBS was characterized by UV−vis spectra ([Figure 1B](#F0001){ref-type="fig"}). The red shift of the peak in surface plasmon resonance of AuNPs indicated an increase of particle size, and the absorbance peaks of 5-nm, 20-nm and 50-nm AuNPs were 516 nm, 524 nm and 535 nm, respectively. The colloidal stability of AuNPs in cell culture medium was also determined by the UV−vis spectra. The absorption spectra of 5-nm and 20-nm AuNPs in DMEM showed a little red shift ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}), indicating the potential aggregation of AuNPs as a result of serum protein absorption. The UV−vis specta of 50-nm AuNPs in DMEM and PBS solution were similar ([Figure 1E](#F0001){ref-type="fig"}), indicating that they have good dispersion stability. It has been shown that both particle size and surface properties play a critical role in determining the protein absorption and "corona" formation of NPs.[@CIT0022] The zeta potentials of 5-nm, 20-nm and 50-nm AuNPs in DD water were −10.33 mV, −4.58 mV and −12.32 mV, respectively. In addition, the stability of AuNPs in DMEM with 10% FBS was also measured using zeta potential. As shown in [Figure S1](#SD1){ref-type="supplementary-material"}, when added into DMEM, the zeta potential of 5-nm AuNPs increased from −10.33 mV to −5.88 mV immediately and further increased to −0.15 mV after 24-hr incubation, which may be due to protein absorption on the surface. In contrast, the zeta potential of 20-nm and 50-nm AuNPs in DMEM did not change much (in the range of 3 mV), indicating that they were relatively stable and had less protein absorption.Table 1Physicochemical characteristics of AuNPsAuNPsCore size (nm)Hydrodynamic size (nm)Polydispersity indexBufferUV--vis peak wavelength (nm)5 nm3--77--20\<0.20.1 mM PBS51620 nm18--2221--32\<0.20.1 mM PBS52450 nm47--5351--63\<0.20.1 mM PBS535[^2] Figure 1Characterization of different sized gold nanoparticles (AuNPs). (**A**) Transmission electron microscopy (TEM) images of AuNPs with diameters of 5 nm, 20 nm or 50 nm. The scale bar is 20 nm. (**B**) UV--vis absorption spectra of different sized AuNPs in 0.1 Mm PBS. UV--vis spectra of 5-nm AuNPs (**C**), 20-nm AuNPs (**D**) and 50-nm AuNPs (**E**) in cell culture medium with 10% FBS.

Cytotoxicity of AuNPs in HepG2 and L02 cells {#S0003-S2002}
--------------------------------------------

The cytotoxicity of different sized AuNPs was evaluated in both HepG2 human hepatoma cells and L02 normal human hepatocytes. After 72-hr incubation, 20-nm and 50-nm AuNPs showed no appreciable cytotoxicity against both HepG2 and L02 cells at the concentrations from 1.67 µg/mL to 12.5 µg/mL, whereas 5-nm AuNPs at the concentration of 12.5 µg/mL led to a decrease in cell viability of HepG2 cells (81.47%) and showed concentration-dependent cytotoxicity against L02 cells ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). The results demonstrated that L02 cells were more susceptible to the cytotoxicity of 5-nm AuNPs than HepG2 cells.Figure 2In vitro cytotoxicity of different sized gold nanoparticles (AuNPs) against HepG2 hepatoma cells (**A**) and L02 hepatocyte cells (**B**). Cells were treated with different concentrations of AuNPs, respectively. After 72-hr incubation, the cell viability was measured by MTT assay. (**C**) Cellular uptake of different sized AuNPs. Samples were collected after 24-hr exposure, and the Au content in cells was detected by inductively coupled plasma mass spectrometry. \**P*\<0.05, \*\**P*\<0.01, when compared with control.

Hemolysis test {#S0003-S2003}
--------------

The hemolytic activities of different sized AuNPs were evaluated using hemolysis assay. AuNPs were incubated with mouse erythrocytes suspension at 37°C for 4 hrs and 24 hrs, respectively. The results demonstrated that all these AuNPs had negligible hemolytic activities at the concentration up to 100 µM after 4-hr incubation. After 24-hr incubation, AuNPs exhibited slight hemolysis, but there was no significant difference among different sized AuNPs ([Figure S2](#SD2){ref-type="supplementary-material"}).

Cellular uptake of AuNPs measured by ICP-MS {#S0003-S2004}
-------------------------------------------

The cellular uptake of different sized AuNPs in both HepG2 cancer cells and L02 normal cells was quantitatively measured by ICP-MS. Compared to that in PBS control, the gold content in cells treated with all the AuNPs increased significantly (*P*\<0.05, [Figure 2C](#F0002){ref-type="fig"}). The cellular uptake of AuNPs was both size- and cell type-dependent. For instance, 5-nm AuNPs exhibited comparable uptake in both cancer and normal cells (HepG2: 111.7±21.5 ng/10^4^cells, L02: 109.2±12.3 ng/10^4^cells). However, with the increase of particle size, the uptake of AuNPs in HepG2 cells increased proportionally (20 nm: 452.5±19.5 ng/10^4^ cells, 50 nm: 665.0±108.9 ng/10^4^cells), while the uptake of 50-nm AuNPs in L02 cells (69.1±28.3 ng/10^4^cells) was significantly lower than that of 5 nm and 20 nm ones (110.6±14.5 ng/10^4^cells).

ROS {#S0003-S2005}
---

The intracellular ROS in cells after exposure of different sized AuNPs was measured by DCF-DA assay. DCF-DA is a redox-sensitive non-fluorescent dye, which could be oxidized to green-fluorescent DCF in response to intracellular ROS. As shown in the fluorescence microscopic images ([Figure 3](#F0003){ref-type="fig"}), all the AuNPs, especially 5-nm AuNPs, can significantly induce the production of intracellular ROS in both HepG2 and L02 cells.Figure 3Intracellular ROS production in HepG2 cells and L02 cells after gold nanoparticles (AuNPs) exposure was detected by confocal fluorescence microscopy. Cells were treated with different sized AuNPs at the concentration of 12.50 µg/mL for 4 hrs, respectively. Intracellular ROS was measured using 10 µM DCF-DA probe.

Apoptosis/necrosis measurement {#S0003-S2006}
------------------------------

Flow cytometric analysis with PI/annexin V dual staining was used to determine the apoptotic or necrotic cell death induced by 5-nm AuNPs in HepG2 and L02 cells ([Figure 4](#F0004){ref-type="fig"}). In HepG2 cells, 5-nm AuNPs induced both apoptosis and necrosis in a dose-dependent manner. At the concentration of 12.5 µg/mL, the population of apoptotic cells (Q2+ Q3) and necrotic cells (Q1) induced by 5-nm AuNPs were 6.99±0.44% and 10.59±3.92%, respectively. They were significantly higher than those in the control group (apoptotic rate was 2.74±0.43% and necrotic rate was 4.29±0.50%, respectively). However, in L02 cells, 5-nm AuNPs mainly caused cell necrosis, with a minimal number of apoptotic cells.Figure 4Apoptotic and necrotic cell death of HepG2 cells and L02 cells were detected by flow cytometry with Annexin V and propidium iodide (PI) dual staining after 72-hr exposure of 5-nm gold nanoparticles. The flow cytometric analysis was performed in triplicate.

Cytokines release {#S0003-S2007}
-----------------

ELISA was used to detect the release of pro-inflammatory cytokines such as IL-6 and IL-1α in the supernatant of HepG2 and L02 cells after 24-hr exposure of AuNPs. In HepG2 cells, 5-nm AuNPs but not 20-nm and 50-nm AuNPs significantly reduced the release of IL-6 cytokine when compared to negative control (*P*\<0.05, [Figure 5A](#F0005){ref-type="fig"}). However, in L02 cells, 5-nm AuNPs significantly enhanced the release of both IL-6 and IL-1α cytokines when compared to negative control (*P*\<0.05, [Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}).Figure 5Cytokine production in HepG2 cells and L02 cells after 24-hr exposure of different sized gold nanoparticles (12.5 µg/mL). (**A**) IL-6 levels in HepG2 cells, (**B**) IL-6 levels in L02 cells, (**C**) IL-1α levels in L02 cells. Complete medium (DMEM supplemented with 10% FBS) was used as the control group. Supernatants were collected for ELISA analysis. Data are expressed as means ± SEM of three independent experiments performed in duplicate. \**P*\<0.05, when compared with control.

Western blot {#S0003-S2008}
------------

Western blot analysis was performed to investigate the effects of AuNPs on the expression of Pro-caspase3 and Toll-like receptor 2 (TLR2). Pro-caspase 3 is one of the important proapoptotic proteins, and TLR2 is one of the toll-like receptors, which has been proved to mediate the production of cytokines.[@CIT0023]--[@CIT0025] As shown in [Figure 6](#F0006){ref-type="fig"}, the treatment of 20-nm and 50-nm AuNPs had no significant effect on the expression of Pro-caspase3 and TLR2 proteins in HepG2 and L02 cells. However, the treatment of 5-nm AuNPs significantly reduced the expression of Pro-caspase3 and TLR2 proteins in HepG2 cells, but slightly increased the expression of TLR2 protein in L02 cells.Figure 6The expression of Pro-caspase3 and TLR2 protein in HepG2 cells and L02 cells after 72-hr exposure of different sized gold nanoparticles (AuNPs). β-actin was used as internal control. (**A**) Western blot results detected by enhanced chemiluminescence and an X-ray-film exposure system. Relative densitometric value of Pro-caspase3 and TLR2 protein normalized by β-actin in HepG2 cells (**B**) and L02 cells (**C**). Data are expressed as means ± SEM of three independent experiments. \*\**P*\<0.01, when compared with control.

Blood clearance and in vivo biodistribution of different sized AuNPs {#S0003-S2009}
--------------------------------------------------------------------

To investigate the effects of particle size on the blood kinetics and tissue distribution of AuNPs, AuNPs (5 nm, 20 nm and 50 nm) were intravenously injected into BALB/c mice at a single dose of 0.5 mg/kg, and the Au content present in the blood and main organs/tissues was determined by ICP-MS measurement. The kinetics of AuNPs in the blood at different time points postinjection is illustrated in [Figure 7A](#F0007){ref-type="fig"}. The result demonstrated that particle size had a dramatic influence on the blood clearance of AuNPs. Five-nanometer and 20-nm AuNPs showed similar blood circulation profiles, and they were rapidly cleared from the blood during the first 1 hr after intravenous injection. In contrast, 50-nm AuNPs exhibited much slower blood clearance, and the Au concentration of 50-nm AuNPs in the blood during the first 2 hrs after the injection was significantly higher than that of 5-nm and 20-nm AuNPs. At 24 hrs postinjection, the main organs including heart, liver, spleen, lung, kidney and brain were excised and extracted for ICP-MS analysis. As shown in [Figure 7B](#F0007){ref-type="fig"}, AuNPs preferentially accumulated in the liver and spleen, regardless of particle size. However, the Au levels of 50-nm AuNPs in the liver and spleen were significantly higher than those of 5 nm and 20 nm ones, respectively (*P*\<0.05). The Au concentrations of 5-nm, 20-nm and 50-nm AuNPs in the liver were 4463±759 ng/g, 5201±684 ng/g and 9462±855 ng/g, respectively, and the Au concentrations of 5-nm, 20-nm and 50 nm AuNPs in the spleen were 1226±222 ng/g, 881±854 ng/g and 4338±1447 ng/g, respectively. In addition, Au was found in the lung, kidney and heart of all animals exposed to AuNPs, but at much lower levels. The Au level of 5-nm AuNPs in the lung (116±17 ng/g) was significantly higher than that of 20-nm AuNPs (60±7 ng/g) and 50-nm AuNPs (64±8 ng/g), respectively (*P*\<0.05). The Au levels of 5-nm, 20-nm and 50-nm AuNPs in the heart were 23±22 ng/g, 9±5 ng/g and 12±6 ng/g, respectively. The Au level of 50-nm AuNPs in the kidney (40±9 ng/g) was significantly higher than that of 5-nm AuNPs (16±6 ng/g) and 20-nm AuNPs (15±5 ng/g), respectively (*P*\<0.05). Furthermore, traceable amounts of Au were detected in the brain of all animals exposed to AuNPs. The Au levels of 5-nm, 20-nm and 50-nm AuNPs in the brain were 4±6 ng/g, 2±3 ng/g and 4±4 ng/g, respectively, which were higher than the background level in the PBS control group (0±0 ng/g). The presence of AuNPs in the brain indicates that these AuNPs are able to cross the blood-brain barrier (BBB), although there is no significant difference in the level of Au between groups of different sized AuNPs.Figure 7In vivo blood clearance (**A**) and tissue biodistribution (**B**) of different sized gold nanaoparticles (AuNPs) in BALB/c mice after intravenous administration at the dose of 0.5 mg/kg. Blood samples were collected at the indicated time points, and the Au content in blood was detected by inductively coupled plasma mass spectrometry (ICP-MS) analysis. At 24 hrs postinjection, major organs were excised and extracted for ICP-MS analysis. \*\**P*\<0.01.

In vivo toxicity of different sized AuNPs {#S0003-S2010}
-----------------------------------------

The in vivo toxicity profile of different sized AuNPs was investigated in BALB/c mice after five repeated doses (i.v., 0.5 mg/kg, once per day for 5 consecutive days). After the injection, the animals were well tolerated and did not exhibit abnormal clinical signs or behaviors throughout the experiment. Compared with PBS control group, there was no significant difference in weight gain after AuNPs treatment, although the body weight of mice in the 5-nM AuNPs group decreased slightly after administration ([Figure 8A](#F0008){ref-type="fig"}). Necropsy at 14 days postinjection did not show obvious macroscopic changes in the organs of all the AuNPs treatment groups. In addition, histopathological examination of the liver and spleen showed no obvious signs of tissue damage ([Figure 8B](#F0008){ref-type="fig"}), except for slight liver hemorrhage in mice treated with 5-nm AuNPs. On the 7th day after the first dose of AuNPs, the effects of AuNPs on hematology, hepatic and renal function were evaluated in blood samples collected from animals. As shown in [Figure 8C](#F0008){ref-type="fig"}, 5-nm AuNPs treatment significantly increased the percentage of neutrophils compared with the control group (*P*\<0.05). There was no significant difference in other hematological parameters (including white blood cells, red blood cells and platelets) in all AuNPs treated mice. Serum chemistry results ([Figure 8D](#F0008){ref-type="fig"}) demonstrated that the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in serum of 5-nm AuNPs-treated mice increased slightly, but there was no statistical difference compared with the PBS control (*P*\>0.05). There were no significant changes in BUN and creatinine in serum of mice exposed to AuNPs.Figure 8Body weight change (**A**), histopathological images of liver and spleen (**B**), blood cell counts (**C**) and serum chemistry (**D**) in BALB/c mice injected intravenously with different sized gold nanoparticles (AuNPs) at the dose of 0.5 mg/kg once a day for 5 days. The blood samples were collected on day 7 after the first dosage for blood cell counts and serum chemistry (hepatic and renal function panels) analysis. After 2 weeks, major organs including liver and spleen were excised for histopathological examination.\**P*\<0.05, when compared with control.**Abbreviations:** RBC, red blood cell; WBC, white blood cell; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Discussion {#S0004}
==========

AuNPs have recently emerged as prominent vehicles for many biomedical applications from bio-sensing to drug delivery. However, their interaction with biological systems, distribution, toxicity and underlying mechanisms needs to be thoroughly understood. In this study, we found that smaller AuNPs (5 nm) that were able to significantly inhibit cell proliferation and promote apoptosis/necrosis in both HepG2 and L02 cells after 72-hr exposure. Meanwhile, L02 cells seemed more sensitive to cytotoxicity of 5-nm AuNPs than HepG2 cells, which supports that AuNPs do not universally target all cell types.[@CIT0011],[@CIT0026]--[@CIT0028] This is in agreement with the results of other research groups.[@CIT0029] The uptake of 5-nm AuNPs in HepG2 and L02 cells was comparable. However, with the increase of particle size from 5 nm to 50 nm, the uptake of AuNPs increased proportionally in HepG2 cancer cells, but decreased in L02 normal cells. Thus, we infer that AuNPs with different sizes may enter cancer cells or normal cells in different ways, such as transmembrane diffusion through membrane or protein channel and receptor-mediated endocytosis (RME) pathway.[@CIT0030],[@CIT0031] Particles smaller than 12 nm may enter the cells through the former way, while the larger ones (≈50 nm) through the RME pathway.[@CIT0019],[@CIT0032] In RME, there are two main factors affecting the endocytosis process.[@CIT0018] The first one is the nonspecific adsorbed serum proteins on the surface of nanoparticles such as α- and β- globulin proteins, C3 component, vitronectin and fibronectin, which may significantly contribute to the uptake of nanoparticles in tumor cells through multiple receptors on the membrane;[@CIT0033] the second one is the available receptors on the cell membrane which would determine whether and how much nanoparticles enter into a cell via this mechanism. This may explain why larger AuNPs are taken up much more in tumor cells, since multiple protein receptors, such as mucin glycoprotein, transferrin receptors and vitamin receptors, are overexpressed on the surface of cancer cells.[@CIT0031],[@CIT0034],[@CIT0035] Interestingly, we found that the cytotoxicity of AuNPs was not positively correlated with cellular uptake. However, the cytotoxicity may be related to the intracellular localization of AuNPs. As reported in our previous study,[@CIT0036] 5-nm AuNPs tended to aggregate in the cell after entering the cytoplasm and were confined within endosome or lysosome, where acidic pH may induce the release of the toxic ions, which may subsequently exhibit ion-specific toxicity.[@CIT0037]

It was noteworthy that the in vivo distribution of AuNPs in the liver was inconsistent with the uptake data obtained in normal hepatocytes in vitro. It is speculated that the abundant macrophages in the liver, known as Kupffer cells, may lead to higher uptake of 50-nm AuNPs in vivo than smaller counterparts. In addition, the exocytosis rate of smaller AuNPs may be faster than that of larger ones,[@CIT0038] which may partially explain the lower distribution of smaller AuNP in vivo.

In this study, we demonstrated that small AuNPs (5 nm) were more likely to react with intracellular molecules and produce ROS in both L02 and HepG2 cells. As a result, the elevated ROS levels could imbalance the intracellular redox state[@CIT0012],[@CIT0039]--[@CIT0041] and finally lead to the occurrence of apoptosis, activation of inflammasome and release of inflammatory cytokines.[@CIT0042]--[@CIT0044] As shown by the results of Annexin V/PI double staining, 5-nm AuNPs induced both apoptosis and necrosis in HepG2 cells, but only led to necrosis in L02 cells. This suggests that the cytotoxicity of AuNPs may involve different molecular mechanisms in cancer cells and normal cells.[@CIT0045] Interestingly, the previous study demonstrated that different sized AuNPs may undergo different molecular mechanisms even in the same cells. For example, both apoptosis and necrosis were induced by 1.2-nm AuNPs in HeLa cells, while 1.4-nm-sized ones caused cell death mainly through the necrosis ways, which may attribute to their specific size and their irreversible blocking of potassium ion channels.[@CIT0046] Subsequent data on protein expression and production of inflammatory cytokines further confirmed this hypothesis. After exposure to 5-nm AuNPs, Pro-caspase 3, a representative protein involved in apoptosis pathway, was cleaved only in HepG2 cells but not in L02 cells, indicating that the apoptotic events observed in HepG2 cells treated with 5-nm AuNPs may be the result of Pro-caspase 3 activation. On the other hand, after exposure to 5-nm AuNPs, the expression of TLR2 protein, which plays a unique role in the inflammatory response, significantly decreased in HepG2 cells, but slightly increased in L02 cells. Furthermore, we measured the release of pro-inflammatory cytokines. The results showed that the level of IL-6 in HepG2 cells treated with 5-nm AuNPs decreased significantly, and its anti-inflammatory activity may be related to the interaction of extracellular IL-6. The size of AuNPs is a key parameter to determine the changes of inflammatory cytokines.[@CIT0047] On the contrary, the levels of IL-6 and IL-1α in L02 cells treated with 5-nm AuNPs were significantly higher than those in the control group, which is likely due to the upregulation of TLR2 signaling pathway.[@CIT0048] Thus, we infer that the necrosis of L02 cells induced by 5-nm AuNPs may arise from TLR2-mediated production of inflammatory cytokines.

Our data also demonstrated that the blood clearance and tissue distribution of AuNPs were strongly dependent on particle size. For example, the clearance of 5-nm and 20-nm AuNPs from blood circulation was much faster than that of 50 nm ones. The uptake of 50-nm AuNPs in liver, spleen and kidney was higher than that of 5 nm and 20 nm ones, while the uptake of 5-nm AuNPs in the lung was higher than that of 20 nm and 50 nm ones. As we know, nanoparticles entering cells could exocytose to the media via three pathways: lysosome secretion, vesicle-related secretion and non-vesicle-related secretion, and smaller nanoparticles are more favorable for exocytosis.[@CIT0049] The in vivo distribution of AuNPs in the liver implied that they could secrete into bile and eventually be eliminated through gut and feces.[@CIT0050] The elimination of the smaller NPs was faster than the larger ones, which may explain why 5-nm AuNPs showed fewer hepatic and splenic accumulation in vivo at 24 hrs postinjection. In addition, all sized AuNPs were able to pass through the BBB. The specific mechanism underlying this phenomenon is unknown yet. It is speculated that the smaller nanoparticles extravasate easily and diffuse away from the vessels with minimal hindrance.[@CIT0051] Moreover, the histopathological examination demonstrated that 5-nm AuNPs induced a slight hemorrhage in liver. The results of hematological analysis showed that 5-nm AuNPs caused a significant increase of neutrophils, which is similar to the results of Gosens' group.[@CIT0052] This phenomenon was accompanied with an increase of IL-6 in L02 cells, suggesting that IL-6 may promote inflammation by attracting neutrophils.

Conclusion {#S0005}
==========

In summary, the uptake, cytotoxicity and in vivo biodistribution of AuNPs were size- and cell type-dependent. With the increase of particle size from 5 nm to 50 nm, the uptake of AuNPs increased in HepG2 cancer cells, but decreased in L02 normal cells. Five-nanometer AuNPs exhibited higher cytotoxicity against both HepG2 and L02 cells than 20 nm and 50 nm ones, and L02 cells seemed to be more susceptible to the cytotoxicity of AuNPs than HepG2 cells. Interestingly, 5-nm AuNPs induced both apoptosis and necrosis in HepG2 cells, with the increase of ROS production and the activation of pro-caspase3, but it mainly induced necrosis in L02 cells, with the promoted release of IL-6 and IL-1α cytokines. In vivo studies demonstrated that 50-nm AuNPs had longest blood circulation, highest uptake in the liver and spleen, while 5-nm AuNPs treatment resulted in the increase of neutrophils and mild hepatotoxicity.

Supplementary materials {#S0008}
=======================

Figure S1The stability of different sized gold nanoparticles (AuNPs) using zeta potential. The zeta potential of different sized AuNPs were measured in DD water, in DMEM with 10% fetal bovine serum for 0 h and 24 h, respectively.**Abbreviation:** DD, double distilled. Figure S2The hemolytic activities of different sized gold nanoparticles (AuNPs) were evaluated by hemolysis assay. Different sized AuNPs with the concentrations of 100 µM were incubated with mouse erythrocytes suspension at 37 °C for 4 h and 24 h, respectively.
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